Abstract. Mutations at the Atrn locus that encodes a transmembrane protein with a large ectodomain are responsible for a juvenile-onset neurodegeneration manifest as hypomyelination and cerebral vacuole development in several rodent species. In addition to a membrane isoform, the human Atrn locus generates by alternative splicing a secreted form corresponding to the entire ectodomain that then circulates at high concentration in the periphery, released in part by activated T lymphocytes. We report here that the secreted form mRNA is downregulated throughout representative discrete regions of the human brain while membrane attractin mRNA is well represented, resulting in the apparent absence of secreted attractin protein in cerebrospinal fluid (CSF). Transcription of attractin secreted form mRNA is strongly downregulated upon differentiation of a human cortical neuron-derived cell line (HCN-1A) to a mature neuron phenotype in response to nerve growth factor. Recombinant secreted attractin disrupts neurite formation by differentiated HCN-1A cells, resulting in higher levels of branching with shorter processes. This effect is duplicated by anti-attractin and by human serum but not by human serum depleted of attractin or by CSF. We propose that inappropriate expression of secreted attractin in the CNS blocks membrane attractin function and that its presence, either by leakage from the periphery, aberrant transcription, or release from inflammatory foci may affect neuron extracellular interactions leading to neurodegeneration in the human.
INTRODUCTION
Mutations at the attractin locus (Atrn) have recently been shown by positional cloning to underlie the neuropathology of mahogany (mg) mice (1, 2) , zitter (zi) rats (3) , and black tremor (bt) hamsters (4) . The common and most severe phenotype consists of cerebral vacuolation, hypomyelination, and axonal swelling, which may be accompanied by tremors and seizures. The domain structure of human attractin is characteristic of a Type 1 topology single pass transmembrane glycoprotein involved in extracellular communication (5) and consists of a C-type lectin like domain (6), 4 EGF-related motifs (7), a CUB domain (8) , and several kelch (9) and PSI (plexin-semaphorin-integrin) motifs (10) with a complete conservation of the cytoplasmic domain across all mammalian sequences identified to date, implying an essential intracellular interaction. The association with neurodegeneration is the most recent of phenotypes already associated with attractin, with previous reports linking attractin to immune cell interactions (11, 12) , regulation of melanocyte pigment production (13, 14) , and a regulation of feeding and appetite (15) (16) (17) , although this latter aspect may in large part be consequent to the neurodegeneration.
Attractin was initially identified in the human as a secreted rather than membrane protein with an associated dipeptidyl peptidase IV (DPPIV) activity expressed by and released from early activated T lymphocytes (11, 18) , a process likely contributing to high concentrations circulating in plasma. A role in extracellular communication was confirmed by attractin's function in facilitating monocyte-T lymphocyte interactions leading to enhanced responses to presented recall antigens (12) . Subsequently, a transmembrane molecule with an ectodomain almost identical to human secreted attractin was identified as the product of the mouse Mahogany gene (19) . Mouse membrane attractin is essential for the functional activity of the agouti peptide in antagonizing ␣-MSH binding to the melanocortin-1 receptor (Mc1R), thus regulating the balance of black eumelanin to red-yellow pheomelanin synthesis during the hair growth cycle (13, 14) . Analysis of the mouse genomic region and attractin-related transcripts did not identify a ready origin for a secreted attractin isoform (16, 19) . This was resolved by the identification of 2 alternatively-spliced transcripts in the human, one which coded for a secreted form and a larger transcript coding for a membrane form where the soluble form mRNA has arisen from a primate-specific retrotransposon insertion event generating an alternative terminal exon (5) , thus explaining the absence of secreted attractin in the plasma of non-primates studied to date. The existence of 2 forms in the human led to a reappraisal of activated T cell expression where early expression on T cells probably represents the membrane form which is then transcriptionally downregulated and the soluble form then dominates.
In the mouse, rat, and hamster mutants, neurodegeneration results from a lack of functional membrane attractin (1) (2) (3) (4) . We have previously proposed that one function of the human secreted attractin circulating in the periphery is to act as a competitor for the membrane form on T lymphocytes, preventing inappropriate T cell interactions until stronger selectin-and integrin-mediated events lead to extravasation of the lymphocyte at an inflammatory site (20) . In this scenario, the tight membrane proximity of cells in an immunoregulatory cluster at the immunological synapse (21, 22) results in a temporary dominance of the early activation-induced membrane form before its expression is downregulated 48 to 72 hours (h) after activation, thus allowing a window of time for downstream interactions to occur through the cytoplasmic tail. Within the confines of the central nervous system (CNS) where structure is more defined and the mobility of cells is relatively limited, the constitutive presence of the secreted form would continuously compete with and prevent function of the membrane form, leading to the postulate that the secreted form should be absent from the CNS. In this report we demonstrate that secreted form attractin mRNA is downregulated throughout the human CNS and that mature secreted protein is absent in cerebrospinal fluid and is likely excluded by the blood-brain barrier given the high concentration circulating in the periphery (18) . We show that soluble recombinant attractin disrupts neurite formation during maturation of a model human cortical neuron cell line supporting the proposal that inappropriate expression of the soluble attractin isoform may interfere with membrane attractin function, mimicking neurodegeneration induced by loss of membrane attractin.
MATERIALS AND METHODS

Cell Lines, Protein Samples, and Antibodies
The HCN-1A human cortical neuron cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in DMEM containing 10% fetal calf serum and HEPES (1M). Fetal calf serum contains no secreted attractin, the genomic retrotransposon insertion that leads to production of a secreted attractin appears to be primate-specific (2) . Anti-attractin antibody does not react with any component of fetal calf serum. HCN-1A cells were induced to differentiate using recombinant nerve growth factor-␤ (NGF-␤; 25 ng/ml; Sigma, St. Louis, MO), dibutyryl cAMP (0.5 mM; Sigma) and 3-isobutyl-1-methylxanthine (IBMX; 0.5 mM; Sigma). HCN-1A has an origin and phenotype considered suitable as a model for neuron differentiation and function (23) (24) (25) , growing as large amorphous undifferentiated cells, but upon stimulation with NGF, dibutyryl cAMP, and IBMX (a cAMP phosphodiesterase inhibitor), acquires a mature neuronal phenotype over 48 to 72 h, with development of linear neurites around a contracted cell body. Human secreted attractin was purified from pooled male AB serum (18) and used to produce a rabbit polyclonal antibody as described previously (11) . Recombinant human secreted attractin was purified after secretion from stably transfected CHO cells as described previously (12) . Cerebrospinal fluid samples were kindly provided by Dr. Susan Hayflick (Oregon Health Sciences University, Portland, OR) and were obtained from patients with suspected meningitis, encephalopathy, multiple sclerosis, or malignancy where subsequent CSF analysis revealed no abnormality.
Messenger RNA Analysis
The multiple human tissue mRNA blot was prepared commercially (BD Clontech, Palo Alto, CA) from high quality oligo(dT)-purified mRNA from the indicated organs pooled from several individuals. The blot was probed using the 1.2-kb MfeIEcoNI fragment of EST clone R84298 (ATCC) representing the C-type lectin-like and C-terminal proximal EGF motifs of both secreted and membrane attractin and labeled with [ P]dCTP by random priming. First strand cDNA was prepared commercially (Origene, Rockville, MD) from mRNA of discrete regions of human brain isolated from individuals of both sexes and several ethnicities and was pooled, normalized for expression of ␤-actin, and confirmed to express full-length reverse transcripts of human dopamine receptors D1, D2, and D5 and human kainate receptor subunits EEA3, EEA4, and EEA5. For amplification of attractin message from normalized first strand cDNA, primers were used that amplify towards the 3Ј terminal generating products of 412 bp and 668 bp for secreted and membrane attractin, respectively (12) . The use of these primers maximized likelihood of accurate representation of mRNA primed for first strand synthesis with oligo(dT). The first strand cDNA samples over a 3-log range of concentrations (ϫ1-ϫ1000) were amplified and the range giving a clear signal and biggest differential between brain regions is presented (ϫ10). Identical primers were used for amplification by RT-PCR of secreted attractin message from HCN-1A neural cells while primers that amplify exon 23 through exon 29 generating a product of 552 bp were used for membrane attractin (12) . First strand cDNA amplification reactions used primers (0.2 M), polymerase mix (Expand; Roche, Indianapolis, IN), buffer #1, and the following cycling parameters: 30 s at 94ЊC (1 cycle); 30 s at 94ЊC, 1 min at 56ЊC, 2 min at 68ЊC (37 cycles); 7 min at 68ЊC (1 cycle) and held at 15ЊC. Reverse transcription-polymerase chain reactions (RT-PCR) used the above primers (0.2 M) with reverse transcriptase/Taq polymerase (Superscript II; Invitrogen, Carlsbad, CA) and the following parameters for first strand cDNA synthesis: 30 min at 50ЊC, 2 min at 94ЊC and for amplification: 30 s at 94ЊC, 1 min at 55ЊC, 1 min at 68ЊC (40 cycles); 10 min at 68ЊC (1 cycle) and held at 15ЊC.
Immunofluorescence
Since attractin is resistant to trypsin digestion (18, 26) , adherent control and differentiated HCN-1A cells were detached using 0.1% trypsin/EDTA to generate single cell suspensions. 
Western Blotting
Samples of human serum or CSF were loaded in reducing SDS-PAGE sample buffer onto 7.5% SDS-PAGE gels and the separated proteins were transferred by electroblotting onto nitrocellulose membranes (0.45 M; BioRad, Hercules, CA). The membranes were blocked in Tris-buffered saline (TBS; pH8) containing 1% BSA overnight, followed by incubation with rabbit polyclonal anti-attractin (1 g/ml) in blocking buffer. After 5 washes in TBS containing 0.1% Tween 20 (TTBS), the blots were incubated with anti-rabbit IgG horseradish peroxidase (1: 5000; Amersham Biosciences, Piscataway, NJ) in blocking buffer. Bound antibody was detected with Supersignal West chemiluminescent reagents (Pierce, Rockford, IL).
Pre-Clearing of Attractin from Serum
Anti-attractin antibody (40 g/ml) was added to pooled human male AB serum (10 ml) and incubated on ice for 1 h. Goat anti-rabbit IgG conjugated to magnetic beads (5 ml suspended beads; Perseptive Biosystems, Cambridge, MA) were washed in phosphate-buffered saline (PBS; pH7.2) and the PBS removed while the beads were magnetically immobilized. The serum with anti-attractin antibody was added to the beads and incubated with rotation for 1 h at 4ЊC, following which the beads were separated from the serum by magnetic attraction. The incubation with beads and separation was repeated twice after which secreted attractin could not be detected in the serum by Western blotting. This technique results in no change to the serum components except for the removal of attractin or antigenically similar material and no change in volume or dilution.
Neurite Analysis
HCN-1A cells were grown in 6-well plates using the conditions indicated in the Results section. At 48 to 72 h after establishing each condition, the cells were examined using an Eclipse TE300 microscope (Nikon, Melville, NY) with a phase contrast objective and ϫ200 final magnification. Photomicrographs were taken and the following parameters were measured: number of primary neurites emanating from the cell body, length of each neurite to terminal or first branch point, and number of branch points for each primary neurite. Results were compared using the Student t-test.
RESULTS
We had previously observed a differential representation in immune-related tissues of 4.5 kb mRNA species coding for secreted attractin and 9 kb species coding for membrane attractin (5) where the lower form is dominant in circulating peripheral blood leukocytes (PBL) but absent in thymus, while the upper form is expressed in thymus but barely expressed in PBL (12) . In examining expression in brain in comparison with other organs (Fig.  1A) , the upper 9 kb form is dominant in contrast to expression in other tissues assessed where representation is equal or the 4.5 kb secreted attractin mRNA dominates. Apparent levels of the membrane form in brain were exceeded only by levels in kidney, while levels of the soluble form in the brain were the lowest for all tissues assessed. A semi-quantitative PCR technique to amplify attractin message from normalized first strand cDNA prepared from different regions of human brain was performed to determine whether the membrane and soluble attractin mRNA representation in whole brain masked differential representation in discrete regions (Fig. 1B) . Expression of the membrane form mRNA is strong throughout most of the brain regions assessed with particularly robust expression in the cortical areas and regions of the midbrain. The levels of membrane isoform in the thalamus were significantly lower than in other regions. The soluble form mRNA is only weakly expressed throughout the CNS, giving a signal comparable to that of the membrane form only when the first strand cDNA template concentration was increased 10-fold (data not shown).
The low secreted attractin mRNA levels are manifest as an apparent absence of secreted attractin in non-pathological samples of CSF (Fig. 2 ) despite a 10-fold greater loading to compensate for lower protein content in comparison with normal human serum, which generates a strong signal at ϳ180 kD. Extended exposure of the chemiluminescent blots for 30 min rather than 30 s reveals a weak attractin signal in only 2 samples (Fig. 2 , Lanes 18 and 20), both of which displayed a pink color indicating hemolysis representing contamination with peripheral blood during sample procurement. Since attractin circulates at 5 to 30 g/ml, comparable to components of the complement system, not only is it probably not produced in significant levels in the CNS but also is likely excluded by the blood-brain barrier from passing from the periphery into the CNS.
We have proposed that in an immune context the membrane form can only function in the relative absence of the secreted form (20) . The apparent absence of the soluble form at the mRNA and protein levels in the CNS led us to determine whether the HCN-1A neuronal cell line could be used as a suitable model for assessing the extracellular relationship of soluble to membrane attractin. In the absence of soluble attractin, HCN-1A cells respond to NGF-␤ and increased cytoplasmic cAMP by developing neurites (Fig. 3A, B) . Visual analysis of kinetics of neurite formation shows that from the large amorphous state, the plasma membrane anchors at several points and membrane between these anchors retracts towards the nucleus. In general, 2 or 3 points dominate with clear cytoskeletal alignment from the point of attachment towards the nucleus. These 2 or 3 points then extend out linearly with minimal branching. Both the undifferentiated and mature neurons express membrane attractin detected by immunofluorescence (Fig. 3C, D) . For the immunofluorescence studies, suspension cells were used since the differentiated cells were too weakly adherent to survive the staining protocol in situ. The undifferentiated cells fall into 2 populations, one of which strongly expresses surface attractin. Upon differentiating, expression is uniform and intermediate to the 2 populations in the undifferentiated state. The membrane attractin expression is reflected at the transcriptional level where message for membrane attractin isoform detected by RT-PCR is well expressed both before and after induction of the differentiated morphology (Fig. 3E) . In contrast, acquisition of the mature neuronal phenotype is accompanied by a strong reduction in message for the soluble form of The effect of anti-attractin on HCN-1A morphology was assessed before and after maturation. Although not presented, purified pre-immune immunoglobulin had no effect on either the undifferentiated or differentiating HCN-1A cells. Similarly, anti-attractin (10 g/ml) had no effect upon the morphology of the undifferentiated HCN-1A cells (Fig. 4A) . After induction of differentiation, the continuous presence of anti-attractin resulted in a severe blocking of neurite extension and resultant processes were short and stubby with multiple branch points (Fig.  4B, C) , supporting a role for attractin in the tracking of neurite process development.
The continuous presence of recombinant full-length secreted attractin had no effect upon undifferentiated HCN-1A cells (Fig. 4D) but its presence during NGF-␤-induced differentiation resulted in effects similar to those seen with anti-attractin. The developing processes were short and stubby and often followed curved rather than linear paths (Fig. 4E, F) . Although the effects were not as severe as those observed using the anti-attractin antibody, the effect was consistent and could be quantitated by measuring the number of primary processes emanating from each cell body (Fig. 5A) , the number of branches developing from primary neurites (Fig. 5B) , and the length of a primary developing process to its end or first branch point (Fig. 5C) . As is evident not only from the statistical analysis but also from Figure 3 , the neurites in control differentiating cultures tend to extend linearly out from the cell body with minimal branching. We observed that the number of primary neurites extending from the cell body is not influenced by attractin but that the subsequent extension is shortened with many branch points, once again supporting a role for attractin in the tracking of the developing process rather than in the initiation of the neurite development.
The prediction that secreted attractin should be absent from the central nervous system was confirmed by the low mRNA levels and the apparent absence of mature attractin ectodomain protein in the CSF. Consequently, addition of cerebrospinal fluid to the differentiating cultures results in contrasting effects to those observed with recombinant attractin or soluble attractin with no effect upon HCN-1A cells before (Fig. 6A ) or during differentiation (Fig. 6B,  C) . Human serum contains high levels of full-length secreted attractin with a range of 5 to 30 g/ml (18). Addition of human serum has no effect upon HCN-1A cells in the undifferentiated state (Fig. 6D) . Addition of human serum (10% final) had a profound effect upon cells induced to differentiate with NGF-␤ (Fig. 6E, F) , with effects less strong than that of anti-attractin but stronger than those of recombinant secreted attractin. It is important to note that upon addition of NGF-␤, dibutyryl cAMP, and IBMX, fewer cells differentiated probably due to serum components unrelated to attractin sequestering NGF away from the responding cells. To confirm that at least some of the disruption in neuron morphology during differentiation could be attributed to attractin in serum, we prepared serum completely deficient in secreted attractin using anti-attractin followed by removal of the complexed attractin using antibody-coated magnetic particles. Addition of the attractin-depleted human serum to the differentiating neuron cultures resulted in differentiation almost indistinguishable from that of controls, confirming that attractin in serum is responsible in large part for the aberrant neurite extension (Fig. 6G, H) .
DISCUSSION
The lack of expression of the membrane attractin isoform has now been shown to be directly responsible for a neurodegeneration of post-partum to juvenile-onset in mahogany mice (1, 2) , zitter rats (3), and the black tremor hamster (4). The zitter rat was originally identified as having a spongy degeneration of the CNS, a generalized body tremor developing at ϳ15 days of age, and a flaccid paresis increasing in severity with age (27) . It was initially proposed as a model for epilepsy since spontaneous and frequent epileptic seizures occur beginning at 7 to 8 wk of age (28) . Subsequently, cytological and ultrastructural analysis revealed hypomyelination and an apparent problem in oligodendrocyte membrane formation contributing to the myelin sheath (29) . The mahogany mice were initially identified as being more darkly pigmented than their wild-type or heterozygous littermates and a relative leanness implied that the mice might be a useful model for obesity research (13) . Although there were anecdotal tales of spontaneous seizures in mahogany mice, the likelihood of neurodegeneration was not actively pursued until analysis of the zitter rat raised the possibility that the neurological phenotype may be the result of loss of membrane attractin expression (3) . Examination of the mice homozygous for the Atrn mg-6J allele revealed extensive vacuolation, hypomyelination, axonal swelling, and microtremors (1), and other alleles have now been identified (2, 30) . In the mahogany, zitter, and black tremor mutations, alterations in pigmentation regulation at the level of Mc1R antagonism by Agouti protein are a defining phenotype. Alleles of Atrn in Mahogany mice indicate that pigmentation is sensitive to alterations in attractin transcription that are not severe enough to generate a neurological phenotype (30) .
The molecular basis for the neuropathology in Atrn mutant animals remains elusive, although expression of membrane attractin transgenes results in complete resolution of the aberrations in both rats and mice (1, 3) . In this report, we provide evidence that attractin plays a role in neurite extension based on evidence obtained using recombinant secreted attractin, a result of alternative splicing that appears to be unique to primates (5) . There is evidence for a mRNA coding for a secreted form of attractin in rats but no evidence to date that it is translated and released (3). In humans, the secreted attractin is the dominant isoform at the transcript level in most tissues; the 2 exceptions are the brain and the thymus where the membrane isoform is dominant (12) . The human secreted form circulates in the plasma at relatively high concentrations and, with the exception of close cell-cell contacts where extracellular fluid would be excluded, the secreted form would strongly compete for any extracellular ligands or interactions mediated by the ectodomain of the membrane form. In the instance of T lymphocytes that do not normally express membrane attractin until activation, the secreted form would prevent inappropriate attractin interactions in the periphery until the cell reaches an inflammatory site where cell proximity in an immunoregulatory cluster would lead to temporary domination of the membrane form (20) . Expression of the secreted form in the brain, however, would continuously interfere with membrane attractin function. In this report we provide evidence that secreted attractin is not found in normal CSF, and that part of the reason for this is the minimal transcript level throughout all regions tested of the human brain despite robust expression of the membrane attractin transcript. Furthermore, we provide strong evidence from a human model cortical neuron cell line that secreted attractin transcription is downregulated upon maturing from a neuroepithelial precursor cell to a cell with mature neuronal morphology.
The HCN-1A cell line was derived from cell lines of cortical tissue from an 11-month-old child with unilateral megalencephaly, and in its undifferentiated state expresses characteristics of an immature neuroepithelial precursor cell (31) . After induction of differentiation, the cells acquire characteristics and markers of mature neurons and have been proposed not only as tools for studying human neurite development (32) but also as potential cells for grafting back into cerebral tissue to aid in neuroregeneration (23) . In our experiments, the HCN-1A cells were grown to a density such that cells would not interfere with each other, and on an untreated surface such that the only proteins coating the surface were extracellular matrix secreted and laid down by the large undifferentiated cells prior to induction of the mature neuronal phenotype. This suggests that the role of membrane attractin is a direct interaction with components of the extracellular matrix with which it shares several characteristics. In fact, initial identification of the C. elegans homolog sequence F33C8.1 (Genbank accession Z69790) led to the description ''perlecan-related.'' Nevertheless, kinetic analysis using radiolabeled soluble attractin reveals the presence of low numbers of high-affinity receptors for attractin on activated T lymphocytes (12) . One explanation for this could be a homotypic interaction since membrane attractin is expressed on activated T lymphocytes. Certainly, attractin secreted and circulating in vivo appears to at least dimerize and more likely form trimers (18) .
Another possibility is raised by the recently identified interaction of attractin with the N-terminal basic-charged region of agouti protein (1) . Several immune-related peptides, including RANTES and stromal cell-derived factor-1␣ (SDF-1␣), contain extended basically charged stretches and interact with attractin leading to activation of an associated dipeptidyl peptidase IV activity (20) . The neurotrophins, including NGF-␤, used to induce differentiation also contain a basic-charged region, leaving open the possibility that membrane attractin binds and presents neurotrophins. This seems unlikely since the effect of soluble attractin would then be a reduced or absent induction of differentiation, which was not the case. Instead the disruption affected the neurite extension itself. It is noteworthy that mature neuronal cells do not fare well in culture in vitro with human serum (33) , but that in this study removal of attractin allowed some degree of neuronal maturation to occur.
A recent report describes aberrant retinal axon projection in a Drosophila stock harboring a P-element insertion that may disrupt the CG5634 attractin locus (34) . This aspect of axon pathfinding is heavily influenced by cues from the extracellular matrix (35) , although visual development problems have not been reported in the mutated Atrn rodent models. This may be a reflection of less redundancy in the fly genome since there is at least 1 human transcript encoded on Chromosome 10 with remarkable similarity to the central to C-terminal region of attractin that may have arisen by gene duplication (16, 36) . In addition, mice carrying mutations in the Atrn gene on different genetic backgrounds and in different strains show mild to severe neurological phenotypes despite similar levels of neurodegeneration, suggesting that there may be modifier genes (2) . In a separate study, however, the neurological manifestations of attractin loss correlate in large part with the severity of the genetic aberration, being most severe in Atrn mg-6J mice, essentially null for attractin, and moderate to absent in Atrn mg-L and Atrn mg mice producing incomplete or low levels of normal transcript (30) . In these animals, the ability to produce soluble attractin or its presence in the CNS is not relevant; rather, the effect is clearly due to a loss of membrane attractin. In the WTC rat strain there is evidence for a transcript that might produce soluble attractin but no actual evidence for protein production from this transcript. attractin show no amelioration of the neurological phenotype. The predominant aberrant transcript in the black tremor hamster corresponds to the secreted ectodomain, opening the possibility that this exacerbates the neuropathology resulting from loss of the membrane form (4) .
Consequently, we propose that in the human, the presence of soluble attractin might interfere with neurite pathfinding and mimic the effects of a loss of attractin on a rodent background, an effect that can also be mediated by anti-attractin antibody. If this is the case, then breaches in the blood-brain barrier that allow seepage of attractin from the periphery or from inflammatory leukocytes in the CNS may contribute to neurodegeneration in humans. The oligodendrocyte is a very sensitive target during inflammatory processes (37) , and interactions between oligodendrocytes and axons requiring myelination may be aberrant in the absence of membrane attractin or the presence of soluble attractin. Several lines of evidence point to this. First, the neurological problems in Atrn mutant mice and rats begin after birth when myelination is occurring, the development of CNS structures appears normal (2, 3) , and hypomyelination and axonal swelling are subsequent problems. In the same animals, peripheral myelination mediated by Schwann cells appears normal.
The disruption by soluble attractin of membrane attractin function implies that the membrane and cytoplasmic domains of attractin play an important role. This is almost certainly true since the cytoplasmic domain of attractin is completely identical in all mammalian species for which sequence has been identified and maintains strong domain conservation down through Drosophila and C. elegans. We are accumulating preliminary evidence that the cytoplasmic domain interacts with microtubule-associated proteins regulating microtubule stability. Since microtubule reorganization is a major process during neurite extension, it is perhaps not surprising to find that in the other cells on which membrane attractin is expressed, extension or interdigitation of cell processes is an essential function. Such interactions include those of activated T lymphocytes with antigen-presenting cells (12) and of melanocytes with keratinocytes (14, 38) , of neuronal axon pathfinding and interaction with oligodendrocytes (39) , and development of ciliary processes from epithelial cells (40) . Interestingly, attractin is also expressed in rat glioma cells but does not appear to be significantly expressed in normal glial cells (26) .
The results open the possibility that attractin may be involved in 2 distinct pathological processes leading to neurological problems. In the first instance, lack of membrane attractin may lead to aberrations of myelination generating an ''epileptic-like'' phenotype of juvenile onset similar to that seen in rodent models. Examination of attractin transcripts and levels in children with neurological problems that might be attributed to neurodegeneration of unknown etiology may prove to be a fruitful screening procedure. Additionally, the effects of soluble attractin on neurons suggest that attractin may contribute towards late-onset neurodegenerations associated with inflammatory reactions where CNS-localized T lymphocytes release the secreted attractin ectodomain.
This report raises several important issues that are now being addressed in our laboratory. First, whether attractin is interacting with the extracellular matrix through binding to ECM components or whether it is playing a repulsive role similar to that of Slit and members of the semaphorin family (41, 42) . Second, to confirm interactions of the cytoskeleton with the cytoplasmic tail of attractin. Third, to determine whether human pathologies with CNS inflammation and high levels of leukocytes in the CSF result in full-length secreted attractin or fragments that interfere with neuron morphology.
